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Abstract 
This study has compared the environmental characteristics of the basins and saline lower 
reaches of the tributaries of eight estuaries on the south coast of Western Australia, which 
differ in their degree of connectivity with the ocean. Although four estuaries between 115.1°  
and 121.8°  E along that coast remain permanently open to the ocean, the others only become 
open when the volume of river discharge is sufficient to breach the prominent sand bars at 
their mouths, which occurs annually following heavy winter and early spring rainfall in some 
estuaries (seasonally open) and infrequently in others (normally closed). Estuaries to the west 
of 118.5° E are predominantly permanently open, e.g. Oyster Harbour, or seasonally open, 
e.g. Broke, Irwin and Wilson inlets, whereas those further east, e.g. Wellstead Estuary and 
Hamersley, Culham and Stokes inlets, where annual rainfall and thus discharge are much 
lower, only become open after exceptionally heavy discharge. In permanently and seasonally-
open estuaries, pronounced haloclines and oxyclines are present in the narrow rivers but not 
the wide basins where the waters are subjected to wind-driven mixing. The extent of cyclical 
seasonal fluctuations in environmental conditions differed markedly among the three 
seasonally-open estuaries and between years in one of those systems. These differences 
reflected variations in the relationship between the volume of fluvial discharge, which is 
determined by a combination of the amount of local rainfall, catchment size and extent of 
clearing of native vegetation, and the amount of intrusion by marine waters, which is largely 
controlled by the size and duration of the opening of the estuary mouth. The mean seasonal 
salinities in the basins of the three normally-closed estuaries increased over three years of 
very low rainfall to 64 in the deepest of these estuaries (Stokes Inlet) to 145 in Hamersley 
Inlet and to 296 in the shallowest estuary (Culham Inlet). These results demonstrate that the 
environmental characteristics of estuaries on the south coast of Western Australia differ 
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Estuaries are among the most productive of all ecosystems (Schelske and Odum, 1961) and 
thus provide an abundant food source for the many commercially and recreationally 
important marine fish species that typically use these systems as nursery areas (West et al., 
2003, Platell et al., 2006 and Elliott et al., 2007). They are therefore crucial for ensuring the 
sustainability of a number of marine fisheries in both the northern and southern hemispheres 
(Pollard, 1981, Kennish, 1990, Whitfield, 1998 and Sardiña and Cazorla, 2005). Furthermore, 
some estuaries contain substantial fisheries that are based on certain marine species and on 
species that complete their life cycle within estuaries (Lenanton and Potter, 1987, Costa et al., 
2002, Jaureguizar et al., 2003, Jung and Houde, 2003 and Chuwen et al., 2009). The 
productivity of estuaries is also exploited by a number of bird species as a means of 
replenishing their energy reserves as they migrate to and from their breeding grounds (Elliott 
and McLusky, 2002). In view of their great importance to a range of biota and to fisheries, it 
is of world-wide concern that estuaries are now considered the most degraded of all 
temperate marine ecosystems (Jackson et al., 2001). 
 
The estuaries of southern Australia and southern Africa, which are located in microtidal 
regions, are of relatively recent origin, having commenced their formation during the 
Holocene marine transgression only about 7000 years ago (Hodgkin and Hesp, 1998, Cooper, 
2001 and Roy et al., 2001). They typically consist of a narrow and short entrance channel, a 
wide central basin area and the saline lower reaches of their tributaries (Day, 1981 and 
Hodgkin and Lenanton, 1981). Although the larger estuaries on the lower west coast of 
Australia typically remain permanently open, only a few of those on the south coast are 
continuously connected with the ocean. The vast majority of the other estuaries on the latter 
coast are separated from the sea for varying periods through the formation of sand bars across 
their mouths (Hodgkin and Lenanton, 1981 and Potter and Hyndes, 1999). The sand bars of 
some of these estuaries are naturally or artificially breached in the winter or spring of each 
year as the volume of water in the estuary increases as a result of the heavy rainfall that 
occurs in the region during those seasons (e.g. Ranasinghe and Pattiaratchi, 1999). However, 
in contrast to these seasonally-open systems, the volume of water in the estuaries in the drier 
regions of the south coast does not frequently increase to the levels required to breach the 
sand bar at their mouths, and consequently such estuaries remain normally closed to the 
ocean (Hodgkin and Lenanton, 1981). Cooper (2001) considered that, as some examples of 
this type of system in southern Africa become hypersaline and even dry out for periods and 
thus become inhospitable for biota, they should not be considered to be estuaries. Such 
systems are however traditionally regarded as estuaries by biologists (e.g. Day, 1981 and 
Whitfield, 1999). 
 
As elsewhere in the world, the estuaries of south-western Australia are becoming increasingly 
influenced by the effects of anthropogenic activities. For example, the clearing of deep-rooted 
native vegetation from the catchments of some estuaries has led to the water table rising and 
thus to salt being brought to the soil surface, from where it is washed into the rivers and 
eventually the estuaries where it increases their salt load (Pen, 1999). During dry periods, 
high evaporation rates in those estuaries that are closed to the ocean can lead to salinity 
becoming so elevated that it leads to massive mortalities among certain fish species (Young 
and Potter, 2002 and Hoeksema et al., 2006). Furthermore, large inputs of nutrients from 
agricultural land have led to some estuaries, particularly the Peel-Harvey Estuary on the 
lower west coast of Australia, becoming highly eutrophic (McComb and Lukatelich, 1995) 
and to Wilson Inlet on the south coast becoming mesotrophic (Lukatelich et al., 1987). These 
problems arise as south-western Australia is located in a microtidal region and thus tidal 
water movement in its estuaries is limited and therefore restricted in its ability to flush excess 
salt and nutrients out to sea. 
 
The increasing pressure to which the estuaries of south-western Australia are being exposed 
through anthropogenic activities, allied with the likely effects of climate change, mean that 
managers require a good understanding of the physico-chemical characteristics of these 
estuaries so that they can develop plans aimed at preventing their further degradation and at 
maintaining their biodiversity. This is particularly the case with estuaries on the south coast 
of this region, for which there are limited published data and where the full range of estuary 
types from permanently open to normally closed are represented. Physico-chemical data are 
also required by biologists to enable them to elucidate the ways in which factors such as the 
duration of the opening of the estuary mouth and the level of salinity influence the abundance 
of the key species and thus also the faunal compositions in these systems. 
 
Salinity, water temperature and dissolved oxygen concentration at the surface and bottom of 
the water column at sites located throughout one permanently-open estuary, three seasonally-
open estuaries and four normally-closed estuaries on the south coast of Western Australia 
were recorded seasonally for at least two years. The data were used to compare the physico-
chemical characteristics of the two main and morphologically distinct regions of these 
estuaries, i.e. the basins and saline lower reaches of their rivers. They were also used to 
examine how the above three environmental variables in particularly seasonally-open 
estuaries varied in response to the markedly seasonal (winter/early spring) pattern of rainfall 
and thus also of discharge and the extent to which those of normally-closed estuaries changed 
during protracted dry periods. Particular emphasis was also placed on exploring the degree to 
which the extent of connectivity of an estuary with the ocean influences the environmental 
characteristics of both individual estuaries and estuary types. 
 
Materials and methods 
Environmental data were recorded at sites in the basins and rivers of the permanently-open 
Oyster Harbour, the seasonally-open Broke, Irwin and Wilson inlets and the normally-closed 
Wellstead Estuary and Hamersley, Culham and Stokes inlets, which are located along ca 500 
km of the south coast of Western Australia (Fig. 1). We refer largely to Brearley (2005) for 
data on the physico-chemical characteristics of south coast estuaries over 20 years ago. Much 
of this snapshot data were derived from reports produced by E.P. Hodgkin and R. Clark for 
the Western Australian Environmental Protection Authority. 
 
During the present study, records were kept of whether the mouth of each of the eight 
estuaries was open to the ocean and, if so, the duration of that opening. Salinity, water 
temperature and dissolved oxygen concentration were measured at the surface and bottom of 
the water column at each site in each season in both the basin and river of each of the eight 
estuaries (Fig. 1) using a Yellow Springs International Model 85 Oxygen, Conductivity, 
Salinity and Temperature Meter. When salinity at a site exceeded the maximum that could be 
recorded by this meter, i.e. 80, a sample was taken and diluted by a known volume of 
distilled water and its salinity used to calculate that of the water at that site. 5–10 sites were 
sampled in the basin of each estuary, the actual number reflecting the size of the basin, and a 
further 3 sites were located in each of the rivers (see Fig. 1). The mean ± 1SE for each 
environmental variable at the surface and bottom of the water column in the basin and river 
of each estuary in each season was calculated, using the values recorded at each site in each 
region of each estuary. Each site was located 50–200 m from the shore in the basins and ca 5 
m from the shore in the rivers and in depths that typically ranged from 1 to 3 m, but 
occasionally reached 6 m. 
 
Measurements in the Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary 
were recorded in the last month of each of the eight seasons between summer 2005/06 and 
spring 2007 and also in the first three estuaries in winter and spring 2005 and in Wellstead 
Estuary during spring 2005. Environmental variables in the Hamersley, Culham and Stokes 
inlets were measured in the middle of each season between summer 2001/02 and spring 2004. 
As the amount of rainfall and thus discharge was very low during this period, some of the 
selected sites in the basin of Culham Inlet became dry. Furthermore, the water level in 
Hamersley Inlet declined to the point where a boat could no longer be used to enter its river, 
which was not otherwise able to be readily accessed as it runs through an area of very dense 
vegetation and is bounded by steep cliffs. 
 
Results 
Physical characteristics of the eight estuaries 
The areas of the basins of the eight estuaries that were the focus of the present study range 
from 2.3–2.5 km2 in Hamersley Inlet and Wellstead Estuary to between 10 and 16 km2 in the 
Irwin, Culham and Stokes inlets and Oyster Harbour to 48 km2 in both the Broke and Wilson 
inlets (Table 1). The catchment areas and the percentages of those catchments that have been 
cleared for particularly agriculture also vary substantially and, together with rainfall 
differences, account for the marked differences in discharge from the tributaries of the eight 
estuaries (Table 1). 
 
While the catchment of Broke Inlet is relatively small, the mean annual discharge from its 
three tributaries is substantial, i.e. 172 × 106 m3, due to this catchment being located in the 
highest rainfall region of south-western Australia (Brearley, 2005). As this catchment has not 
been cleared of native vegetation for agriculture to the same extent as those of the other south 
coast estuaries, the amount of nutrient runoff and thus of primary productivity in its basin are 
also less (Hodgkin and Lenanton, 1981 and Brearley, 2005). The mouth of Broke Inlet is 
artificially breached in winter or early spring when, as a result of the highly seasonal rainfall, 
the water level in the estuary rises to approximately 1.8 m above the Australian Height 
Datum (AHD). 
 
Although the catchments of Irwin and Wilson inlets are located in a far lower rainfall region 
than that of the likewise seasonally-open Broke Inlet, the mean annual discharges into the 
former two estuaries approach that of the latter estuary (Table 1). This is due to the former 
two catchments being far larger and having been more extensively cleared. The basins of 
Irwin Inlet and of the much larger Wilson Inlet each receive a considerable nutrient input 
(e.g. Radke et al., 2004), which accounts for their containing extensive areas of the seagrass 
Ruppia megacarpa (e.g. Carruthers et al., 1999) and substantial growths of epiphytic algae 
and phytoplankton ( Hodgkin and Lenanton, 1981, Dudley et al., 2001 and Twomey and 
Thompson, 2001). Although the sand bars at the mouths of the Irwin and Wilson inlets are 
breached artificially in the winter or early spring of most years, these breachings occur at a 
lower water level than in Broke Inlet, i.e. ca 1 vs 1.8 m above AHD. 
 
The catchment of the permanently-open Oyster Harbour is large and extensively cleared for 
agriculture, i.e. over 70% (Table 1). While a large amount of nutrients thus enter the basin of 
this estuary via its two large tributaries, much of the annual discharge of ca 
108 × 106 m3 occurs immediately after periods of particularly heavy rainfall and leads to 
substantial amounts of nutrients being flushed out to sea (Brearley, 2005). The seagrass 
community in the basin consists of marine species, such as those belonging 
toPosidonia ( Carruthers et al., 2007). 
 
The Wellstead Estuary and Hamersley, Culham and Stokes inlets, which are all normally 
closed to the ocean, are located in a low rainfall region of the south coast (Table 1). While 
precipitation typically occurs in this region predominantly during winter and early spring, 
extreme cyclonic summer storms do occur in some years and contribute substantially to 
overall annual rainfall and thus also to discharge in those years. However, as such storms can 
be highly localised and the extent of clearing among catchments vary, the annual discharges 
from the rivers into the basins of the Wellstead Estuary and Hamersley, Culham and Stokes 
inlets differ, and markedly so in some years. Substantial amounts of nutrients from 
agricultural land within the catchments enter the rivers and subsequently the basins of these 
estuaries (e.g. Radke et al., 2004). Culham Inlet is unique in that the lower end of its basin 
contains a small (ca 0.025 km2) but relatively deep, i.e. ca 3 m, artificial lagoonal-like body 
of water which is essentially isolated from the main body of the basin by a roadway across its 
seaward end (Hodgkin, 1997). 
Environmental characteristics of Broke, Irwin and Wilson inlets, Oyster Harbour and 
Wellstead Estuary 
Mean salinities at the surface and bottom of the water column in offshore, deeper waters of 
the basins in each of the Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead 
Estuary in any given season were almost invariably the same, with conspicuous haloclines 
developing only in Irwin Inlet in winter (Fig. 2). Salinities in nearshore waters of the basin of 
an estuary in any season did not differ significantly from those at the surface of the water 
column in nearby offshore waters of that estuary (p > 0.05). 
 
The extent of seasonal variation in the salinities of the basins of the five estuaries differed 
markedly (Fig. 2). Thus, while salinities underwent marked seasonal changes in Irwin Inlet in 
both years and in Broke Inlet in the second year, such changes were far less pronounced in 
Wilson Inlet, Oyster Harbour and Wellstead Estuary. Furthermore, salinities in Oyster 
Harbour remained at or close to that of full-strength sea water throughout the sampling 
period, while Wellstead Estuary became hypersaline in two seasons and salinities always 
remained substantially below that of full-strength sea water in Wilson Inlet (Fig. 2). 
 
The mean seasonal salinities at the bottom of the water column in the main tributary of each 
estuary followed similar trends to those described above for their basins (Fig. 2). Although 
mean salinities in any season were often less at the bottom of the water column in the river 
than the basin of an estuary, this difference was only pronounced in Wellstead Estuary. In 
contrast to the situation in the basins, marked haloclines were present in most seasons in the 
main tributaries of the Broke, Irwin and Wilson inlets and Oyster Harbour, with the 
maximum differences between surface and bottom of the water column being 16.9, 25.7, 13.6 
and 14.0, respectively, all of which were recorded during winter (Fig. 2). 
 
Mean seasonal water temperatures followed similar seasonal trends in the basins and rivers of 
each of the five estuaries, reaching their maxima of 23–25°C in summer and declining to 
their minima of 11–13°C in autumn or winter (Fig. 3). Although thermoclines formed in the 
rivers of the Broke, Irwin and Wilson inlets and Oyster Harbour in some seasons, the 
differences between temperatures at the surface and bottom of the water column exceeded 
2.5°C only in Wilson Inlet in autumn 2007, when the difference was 5.1°C (Fig. 3). 
 
Mean seasonal dissolved oxygen concentrations in the basins and rivers underwent consistent 
seasonal changes, with maxima occurring during winter and minima during summer (Fig. 4). 
They were almost invariably lower at the bottom than top of the water column and generally 
markedly so in the rivers. The maximum difference between oxygen concentrations at the 
surface and bottom of the water column, which was recorded in the river of Irwin Inlet during 
winter 2007, was 5.3 mg l−1 (Fig. 4). 
 
Environmental characteristics of Hamersley, Culham and Stokes inlets 
Mean seasonal salinities in the basins of Stokes, Hamersley and Culham inlets in summer 
2001/02 were 31, 35 and 53, respectively (Fig. 5). While mean seasonal salinities in each 
estuary subsequently increased in an essentially progressive manner, the extent of those 
changes varied markedly among the three estuaries. Thus, over a three year period, mean 
salinities rose to as high as 145 in Hamersley Inlet and to an even far greater value of 296 in 
Culham Inlet, but to only 64 in Stokes Inlet (Fig. 5). However, salinities did decline in the 
basins of Hamersley Inlet and more particularly Culham Inlet for a period after summer 
2002/03, following the only substantial precipitation that occurred in the catchments of these 
two estuaries during the whole of the three year study period. In contrast to the situation in 
the main basin area of Culham Inlet, mean seasonal salinities in the lagoonal-like area at the 
entrance of Culham Inlet, which receives marine water from seepage and waves that wash 
over the sand bar, never exceeded 51 (Fig. 5). 
 
While mean salinities at the bottom of the water column in the rivers of the Culham and 
Stokes inlets in each season were always slightly lower than those in their basins, they did 
likewise increase with time (Fig. 5). Mean salinities at the surface of the water column in 
these two estuaries were always the same or similar to those at the bottom of the water 
column except in autumn 2003 in Culham Inlet and winter 2003 in Stokes Inlet, when they 
were considerably lower (Fig. 5) due to an increase in discharge in those seasons. Mean 
seasonal salinities in the upstream pools of Culham Inlet, which were formed in the deeper 
areas of the river as water levels became reduced, ranged from 12.0 to 28.6 (Fig. 5). 
 
Mean water temperatures in the basins and rivers of the Hamersley, Culham and Stokes inlets 
(data not shown) followed the same trends as those already described for the Broke, Irwin 
and Wilson inlets, Oyster Harbour and Wellstead Estuary (see Fig. 3). 
 
Mean seasonal dissolved oxygen concentrations in the basins of Hamersley, Culham and 
Stokes inlets rose sharply in 2002 from 5–6 mg l−1 in summer to 10–11 mg l−1 in winter and 
then declined markedly in spring and then summer (Fig. 5). After rising to higher levels in 
autumn and winter 2003, mean seasonal dissolved oxygen concentrations declined in the 
basins of Hamersley and Culham inlets over the ensuing seasons. Dissolved oxygen 
concentrations in the basin of Stokes Inlet underwent a less marked overall decline and 
exhibited seasonal cyclicity, with maxima in winter and minima in summer. Marked 




Permanently-open, seasonally-open and normally-closed estuaries 
The data collected on the environmental characteristics of eight estuaries on the south coast 
of Western Australia during the present study, allied with historical records kept by 
governmental agencies and residents as to whether the mouths of these systems were open or 
closed, confirm that it is appropriate to classify each of those estuaries as either permanently 
open, seasonally open or normally closed to the ocean. Thus, the fact that the mouth of 
Oyster Harbour, which is located close to the city of Albany and thereby regularly visited by 
the staff of local authorities and by residents, has never been observed to be closed, clearly 
validates the classification of this estuary as permanently open. Consequently, Oyster 
Harbour is one of only four of the 29 estuaries on the south coast of Western Australia 
between 115.1° and 121.8° E that fall into this category, the others being the Blackwood 
River Estuary, Nornalup-Walpole Estuary and Waychinicup Estuary (Brearley, 2005). 
The sand bars that form across the mouths of the Broke, Irwin and Wilson inlets have almost 
invariably been artificially breached each year for at least 45 years, when, following high 
winter rainfall, the water in the basins rises to a level that threatens to inundate the 
surrounding land, which in the cases of Irwin and Wilson inlets are of agricultural and/or 
urban value. These artificial breachings bring forward slightly the time in the year when the 
bar at the mouth of the estuary would otherwise naturally have been breached. In the case of 
Wilson Inlet, official records show that since 1955, the mouth of this estuary has been open at 
some time in every year except 2007 and anecdotal observations indicate that such openings 
occurred in all previous years since the early 1900s. 
 
From the above, it follows that the Broke, Irwin and Wilson inlets are appropriately 
categorised as seasonally-open estuaries. The decision by managers not to breach the bar of 
Wilson Inlet in 2007 was due to water levels in the basin being particularly low as a result of 
limited discharge from the catchment following low rainfall in winter. This type of situation 
will become more prevalent in the future if the climate becomes drier and/or damming and 
extraction of water from the rivers of this estuary increase. This will obviously have an 
impact on the ecology of Wilson Inlet and thus have implications for the management of this 
system and its resources. 
 
In contrast to the mouths of the permanently-open Oyster Harbour and seasonally-open 
Broke, Irwin and Wilson inlets, those of the other four estuaries investigated were either 
closed for the whole of the study period (Hamersley, Culham and Stokes inlets) or for all 
except the initial part of the study (Wellstead Estuary). Records for earlier years confirm that 
the mouths of these estuaries often remain closed for years at a time and thereby justify the 
classification of these systems as normally closed (e.g. Young and Potter, 2002 and Brearley, 
2005). 
 
The permanently-and seasonally-open estuaries are located in the western part of the south 
coast, i.e. west of 118.5°E, as are the other main estuaries in these two categories (Brearley, 
2005). In contrast, the four estuaries that are normally closed, and also others of this category, 
lie further to the east. It is therefore highly relevant that rainfall and thus discharge into each 
of the estuaries in the former region greatly exceeds that into those in the latter region (Table 
1). Thus, whereas the volume of water discharged into each of the estuaries in the western 
region is sufficient to lead to the bars of those estuaries being breached either naturally or 
artificially each year, the volume of discharge into those in the eastern region is only 
sufficient for that purpose in years when rainfall is exceptionally high. 
 
Hodgkin and Hesp (1998) considered that, when first flooded by the Holocene marine 
transgression, all estuaries in south-western Australia were permanently open and tidally 
influenced for some distance upstream. Subsequently, a combination of sedimentary and 
hydrodynamic processes and reductions in sea level increasingly led to sand bars being 
formed at the mouths of these estuaries (Hodgkin and Hesp, 1998). The size of a sand bar and 
the amount of riverine discharge, allied in some cases with artificial intervention, dictate 
when and for how long that bar is breached. Hodgkin and Hesp (1998) proposed that there 
was an “evolutionary” gradient from permanently-open estuaries, in which the sand bar is of 
insufficient size to form a barrier to the ocean, to those that are barred but open seasonally, to 
those that are normally closed by a sand bar and eventually to those that are permanently 
separated from the sea and which should then thus be regarded as saline coastal lakes or 
lagoons. The above proposed historical sequence of changes is reflected in the trend for the 
extent of land-locking among estuaries on the south coast of Western Australia to increase in 
an eastwards direction as overall rainfall, and thus fluvial discharge, declines. In a similar 
context, Perillo (1995) and Perillo et al. (1999) classified estuaries into primary and 
secondary systems, with the former category representing those that are essentially 
unmodified from their original form and the latter representing those that have been relatively 
modified through the interaction of marine processes and riverine discharge. 
 
Comparisons of trends exhibited by environmental characteristics in the different 
estuaries 
Any consideration of the environmental characteristics of estuaries on the microtidal south 
coast of Western Australia and comparisons between the different estuaries of that coast 
needs to recognise that, irrespective of estuary type, they almost invariably contain two 
morphologically very distinct main regions, i.e. wide basins and the narrow, lower saline 
reaches of the tributaries, and that, when open, they possess a short and narrow entrance 
channel (Hodgkin and Lenanton, 1981). Many of the larger estuaries along the southern 
coasts of eastern Australia and Africa likewise contain distinct basin and riverine regions 
(Day, 1981, Potter et al., 1990 and Roy et al., 2001). The structure of the vast majority of 
these estuaries contrasts markedly with the wedge shape typically exhibited by estuaries in 
macrotidal temperate regions of the northern hemisphere (Day, 1981). 
 
While salinity in the river of all estuaries underwent seasonal changes similar to that of their 
respective basins, marked haloclines formed throughout much of the year in the rivers but not 
the basins of the permanently-open Oyster Harbour and seasonally-open Broke, Irwin and 
Wilson inlets. The lack of haloclines in the basins is largely attributable to this region being 
wide, shallow and exposed and thereby subjected to wind-driven mixing. The difference in 
salinity with depth in the rivers was accompanied by oxyclines, with dissolved oxygen 
concentrations being consistently greater near the surface. 
 
Rainfall is substantial and highly seasonal in the western part of the south coast of Western 
Australia, with more than 70% of the total annual rainfall occurring between early winter and 
late spring (Commonwealth Bureau of Meteorology, unpublished data). As riverine discharge 
to the estuaries of this region thus peaks during winter and early spring, salinity will decline 
during this period and particularly so if the mouth of the estuary is closed and thereby 
prevents the movement of water out of the system. The volume of water in seasonally-open 
estuaries eventually increases to the point where the sand bar at the estuary mouth becomes 
breached either naturally or artificially. This releases estuarine water to the ocean and allows 
the intrusion of oceanic water, thus leading to an increase in salinity within the estuary. The 
above sequence of events results in salinity undergoing annual cyclical changes, which are 
well illustrated by those recorded in the Irwin and Wilson inlets between winter 2005 and 
spring 2007 (Fig. 2). However, the extent of the salinity changes was far less pronounced in 
Wilson Inlet than Irwin Inlet, with salinities ranging from only 15 to 26 in the former system, 
compared with 6 to 39 in the latter. It is thus relevant that the basin of Irwin Inlet has a 
volume which is only ca 20% of that of Wilson Inlet and yet receives a similar volume of 
riverine discharge. Consequently, discharge into Irwin Inlet has a far more marked effect on 
salinity and leads to a more pronounced and protracted breaching of the sand bar at the 
estuary mouth, which, in turn, results in the intrusion of large volumes of oceanic water. On 
the basis of pooled data for sites throughout the basin, the maximum salinities in Wilson Inlet 
in September 1987 and April 1989 were also appreciably less than full-strength sea water 
(Potter et al., 1993). 
 
Data for Broke Inlet illustrate very well how the salinity in an estuary can vary greatly 
between years as a result of marked interannual differences in the size and duration of the 
opening of the estuary mouth. Thus, salinities between winter 2005 and winter 2006, when 
the opening of the mouth of this estuary was small and of limited duration, did not exceed 10, 
whereas those in summer 2006/07 and autumn 2007, when the estuary mouth was much 
larger and remained open for a far longer period, reached that of full-strength sea water and 
underwent a marked cyclical change during the year. In contrast to the situation in the above 
seasonally-open estuaries, salinities in the basin of Oyster Harbour were always close to that 
of full-strength sea water due to the entrance channel of this permanently-open estuary being 
relatively wide and deep and thus allowing a very substantial exchange of water between the 
ocean and the estuary. 
 
Environmental data for Stokes, Hamersley and Culham inlets demonstrate that salinity 
regimes can vary markedly among normally-closed estuaries as they do amongst seasonally-
open estuaries. Thus, over the same three consecutive years of particularly low rainfall 
(2002–2004), mean seasonal salinities in the basins rose only to 64 in Stokes Inlet, whereas 
they reached 145 in Hamersley Inlet and the remarkably high level of 296 in Culham Inlet. 
These differences largely reflect the fact that the basin of Stokes Inlet is the deepest of the 
three estuaries (Brearley, 2005), whereas that of Culham Inlet is the shallowest and thus the 
most susceptible to the effects of evaporation. Although salinities rose to exceptionally high 
levels in the basin and the river of Culham Inlet, they remained <51 in the lagoonal-like area 
at the seaward end of its basin and <29 in the upstream pools, to which the upper part of the 
river becomes reduced when water levels become low during extended dry periods. The 
lagoonal-like area and upstream pools are thus able to constitute refugia for fish species when 
salinities in the main body of the estuary rise to exceptional levels (Hoeksema et al., 2006). 
While salinities in the basin of the normally-closed Wellstead Estuary remained between 30 
and 45 in 2005–2007, they exhibited marked fluctuations in 1996–1998 when, for example, 
they rose sharply from ca 53 to 112 during the relatively dry period between July 1996 and 
March 1997 and then declined to ca 14 in September 1997 following substantial riverine 
discharge and subsequently rose again following a brief opening of the sand bar (Young and 
Potter, 2002). 
 
Our data demonstrate that the environmental characteristics of individual estuaries on the 
south coast of Western Australia are influenced by interactions among a number of factors. 
These factors include the volume of fluvial discharge, which is determined by a combination 
of the amount of local rainfall, catchment size and the extent to which native vegetation has 
been cleared, the size and depth of the estuary basin and the amount of marine intrusion, 
which is largely controlled by the size and duration of the opening of the estuary mouth. 
Thus, while certain attributes are common to each category of estuary, i.e. permanently open, 
seasonally open or normally closed, each individual estuary has a unique combination of 
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Figure 1. Maps showing the location of Broke, Irwin and Wilson inlets, Oyster Harbour, 
Wellstead Estuary and Hamersley, Culham and Stokes inlets on the south coast of Western 




Figure 2. Mean seasonal salinities ± 1SE at the surface (dashed line) and bottom (solid line) 
of the water column in the basins and rivers of the Broke, Irwin and Wilson inlets, Oyster 
Harbour and Wellstead Estuary. Open and closed grey bars on the x-axis of the basin plots for 




Figure 3.  Mean seasonal water temperatures ± 1SE at the surface (dashed line) and bottom 
(solid line) of the water column in the basins and rivers of the Broke, Irwin and Wilson inlets, 
Oyster Harbour and Wellstead Estuary. 
 
 
Figure 4. Mean seasonal dissolved oxygen concentrations ± 1SE at the surface (dashed line) 
and bottom (solid line) of the water column in the basins and rivers of the Broke, Irwin and 
Wilson inlets, Oyster Harbour and Wellstead Estuary. 
 
 
Figure 5. Mean seasonal salinities and dissolved oxygen concentrations ± 1SE at the surface 
of the water column in the basins of the Stokes, Hamersley and Culham inlets (dashed line). 
N.B. Surface and bottom values were essentially the same in the basins. As mean salinities 
and dissolved oxygen concentrations at the surface and bottom of the water column differed 
in some seasons in the rivers, the trends exhibited by those variables at the bottom of the 
water column (solid line) are also shown. Closed grey bars on the x-axis of the salinity plots 
for the basins denote that the estuary mouth was closed. 
 
 
Table 1. Physical characteristics of the Broke, Irwin and Wilson inlets, Oyster Harbour, 
Wellstead Estuary and Hamersley, Culham and Stokes inlets and their catchments. 
 
Physical characteristics of the Broke, Irwin and Wilson inlets, Oyster Harbour, Wellstead Estuary and 
Hamersley, Culham and Stokes inlets and their catchments 
 


















(m3 × 106) 
Broke Inlet Seasonally open 48.0a 700b 9b 1035d 842-1357d 172.0b 
Irwin Inlet Seasonally open 10.0a 2300b 39b 623d 467-863d 163.0b 
Wilson Inlet Seasonally open 48.0a 3400b 60b 765d 577-975d 161.0b 
Oyster Harbour Permanently open 15.6a 3000b 72b 691d 496-895d 108.0b 
Wellstead 
Estuary Normally closed 2.5a 720b 75b 494d 239-741d 14.0b 
Hamersley Inlet Normally closed 2.3a 1270c 37c 451d 214-647d 1.2b 
Culham Inlet Normally closed 11.3a 3780c 50c 388d 219-551d 3.4b 
Stokes Inlet Normally closed 14.0a 5300c 60c 520d 296-769d 11.9b 
 
a Brearley (2005). 
b Pen (1999). 
c Western Australian Department of Water, unpublished data. 
d Commonwealth Bureau of Meteorology, unpublished data. 
 
 
 
 
